Alpha-decay reduced widths, f} '
were calculated by using beta-decay systematics from this region to estimate the beta branching ratios. These reduced widths are compared to those of the isotonic polonium isotopes.
I. INTRODUCTION UCRL-10930
Alpha radioactivity of spherical nuclei has been observed in two dif~ ferent mass regions. These are the rare-earth region near the 82-neutron shell and the Pb 208 region near the 82-proton and 126-neutron shells. However, the data in these regions is in many li!ases 'incomplete· ahd. Tathe topic analysis of these targets is given in Table I . The energy loss of the heavy ions in the gold target was obtained from the range-energy curves of Hubbard, and these curves were also used to estimate that the energy loss in the lead and thallium targets was equivalent to that in 0.006-mm thick A1. 10
Three different techniques were used in preparing samples for alpha-particle analysis. For the longer-lived activities, reaction recoils ejected from the target were thermalized by helium and collected on a charged plate. The plate was then placed in a Frisch-grid ionization chamber for ..
·~
..
alpha-particle analysis. The details of this procedure have been described. 11
The "recoil-milking" apparatus, which was used to establish parent-daughter
11 re a lons lps, lS a so escrl e ln lS ear ler paper. Primary samples were collected electrostatically in a helium atmosphere. Alpha decay recoils from this sample were then electrostatically collected on first one and then another secondary plate during a measured time interval. Identification of these recoil' daughters was accomplished by energy and half-life determinations.
The relative amounts of daughter activity on the two secondary plates, and the duration of the collecting time on these plates, gave the half-life of the parent of a particular group and thus related the alpha decay daughter to its parent.
A secondprocedure was used only incidentally in the study of these nuclides. Primarily this technique was used for studying very short-lived activities (tl < 20 msec).
12 However, in our study of these short-lived 2 - activities some of the nuclides reported in the present paper were also produced and so these data are also included. Instead of being thermalized in a helium atmosphere, the reaction recoils were stopped in a thin aluminum leaf in vacuum and this sample was observed between the beam pulses of the Hilac by means of a gold-surface barrier detector. The alpha-particle spectra obtained in this way have much poorer resolution because of the thickness of the aluminum leaf. Thus, these results were used mainly as a corroberation of those obtained by the other techniques.
We have studied all of the activities reported in this paper by the third and principal precedure. Only the general features of this method are given here since the details are reported elsewhere. 13 Reaction recoils ejected from the target were slowed down in helium at 1-atm pressure in the target assembly. They were then swept through a small orifice into a chamber UCRL-10930 under vacuum; adjacent to the target assembly, where they were deposited on the surface of a collector. By using a gold-surface barrier detector, we re:corded alpha-particle spectra of the recoil samples at the same time that we collected activity. For the shorter-lived activities (t 1 < l min), the 2- level of activity was allowed to build up to an equilibrium value before we recorded alpha-particle s.pectra. This was convenient for cross-section measurements since no corrections for decay were required. Relative excitation functions were obtained from the intensities of the various alpha-particler groups after the countin~ data were normalized to a constant integrated beam current. Excitation energies of the compound systems were calculated using the semiempirical mass data of Seeger. 14 Various gold-surface barrier alpha-particle detectors were used.
These were made from n-type silicon with nominal resistivity in the range 1800 to 3200 o~~-cm. The reverse operating bias was usually about 25 V and t0e active surface area ranged from 10 to 50 mm 2 . Energy calibration was In the case of some of the longer-lived nuclides, a simple chemical separation confirmed that these were isotopes of franciumj milking the astatine daughters substantiated the mass assignments. 6.77 ± 0.01 MeV alpha-particle energy. This activity decays with a half-life of 33.7 ± 1.5 sec. (Fig. 2) . Excitation functions for producing this activity . . Figure 3 shows the excitation functions for the formation of this alpha group from all four of the compound systems studied.
Looking first. at Fig. 3 (Fig. 3-C) . ...
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In order to confirm the chemical identity of this activity (Fr 211 ), a sample containing a mixture of astatine, radon, and francium isotopes was produced from gold and thallium targets and collected on palladium leaf. The leaf was dissolved and the solution was passed tbEough an ion-exchange column.
. 211 212 The activity ass1gned to Fr followed Fr , although the separation from astatine was not complete. ' A much better separation was accomplished by collecting the sample on a platinum plate and flaming it (see Fr 21 3above).
This showed r.ather conclusively that this activity too is an isotope of francium.
The mass assignment for Fr 211 was confirmed by electrostatically collecting the alpha-decay daughter as recoils from a thin sample of the parent. Alpha-decay recoils were collected on one plate for 3 min and then on a second for 3 min. The most promin~nt activity found on these plates was identified as At 20 7 by its half-life of 1.6 ± 0.2 hours and its alpha-particle energy of 5.75 MeV. All other activities on these plates were lower than this one by at least a factor of 10. + C system appears to be due to a reaction, which would assign this activity to Fr 20 9 (Fig. 3-B) .
Once again there were indications that this alpha group is a result of two different isotopes. The T1 
D.
The next alpha group that was studied has an energy of 6.77 ± 0.02
MeV, which is the same as that of Fr 21 3. Figures 1-C The half-lives of these groups are 3.7 ± 0.4 sec and 2.0 ± 0.5 sec, respectively (Fig. 6 ).
The The variation of alpha decay energy of the isotopes of francium with mass number--or more specifically with neutron number--is seen to be quite similar to that of the three elements just below it, Po, At, and Rn. The isotope with 125 neutrons is seen to have the lowest alpha decay energy. The energy increases rather sharply in going to larger neutron numbers and increases more slowly in going to the lighter isotopes. The phenomenon of pairs of isotopes having similar alpha energies is seen to occur in all four of these 16-18 elements.
Polonium has two such pairs, astatine has three, and radon has two or possibly three, Now we find that francium also has three such pairs of isotopes and that these occur for the same neutron numbers as the o thers: 119 and 120, 121 and 122, and 123 and 124.
B. Cross Sections
Eachof.the excitation functions shown'in Fig. 3 has its own arbitrary units and no attempt has been made to indicate the relative magnitude of the units used in different cases.
These relative cross sections for the various activities pr.oduced from a given compound system have been determined, however~ 12 In the C bombardments the peak cross section decreases rather slowly as the number of neutrons boiled off increases. In comparing the cc 12 ,4n) with the (c 12 ,8n) reaction, the magnitude of the peak cross section of the latter is about four times smaller.
16
In the 0 bombardments the effect is much greater. To compare the cross sections, we assume that the peak cross section for a given group is due solely to the group formed by the lower number of neutrons emitted; e.g., the peak of 16 the 6.77-MeV excitation function is assumed to be due only to the (0 ,6n)
•.
reaction and to have a negligible contt±bution from the (o 16 ,7n) reaction.
The cross section for the 4n reaction is then 6 times greater than the6n reaction and would appear to be greater yet if it were not for the coulomb barrier. The cross section for the 8n reaction is one seventeenth the 6n cross section and that for the 9n reaction is reduced to one-tenth the value of the 8n reaction. Here the 9n reaction may not have peaked yet at the highest available energiesfrom the Hilac and this factor may then be lower. In this case then, there is a factor of 600 in going from the 4n to the 9n reaction.
If this factor is roughly the same for each step-which looks reasonable if the complications at the highest and lowest energies are taken into account--then: there is a decrease in cross section by a factor of about 3.6 for each additional neutron emitted. This large factor is presumably due to the fission competition which is going on. Since charged-particle emission is very small in this region and other conditions affecting the cross section would be small, we assume this factor is due solely to the fission competition. If fission occurs with comparable probability in each of these nuclides in the evaporation chain, then rf/r (ratio of level width for fission to the total level width) is about 0.7. ·These data would indicate that the fission process is By looking at the systematics of beta decay in this region of the chart of the nuclides, one would qualitatively predict that the beta branches would be small and the alpha half-lives would be close to the total half-lives.
However, in order to get a quantitative estimate of the beta branches, the beta decay half-lives of all the know bismuth, polonium, astatine and radon peta-plus emitters in this region were plotted vs the Q-values for beta-plus decay. This resulted in the graph shown in Fig. 7 and the results fall on a family of three curves, depending on whether the nuclide is an even, an odd, or an odd-A nuclide. The Q-values are taken from the semi-empirical mass data of See~er.
14 We determined the beta-decay half-lives for the francium isotopes from these curves, again using the predicted Q-values of Seeger. Beta-branches were then calculated from these half-lives and from the measured total halflives, and are listed in Table II . The alpha decay half-lives used below were also ca+culated from these beta decay estimates. The variation with neutron number· is seen to be similar for the two cases. The 127-neutron isotope, which decays across 12 the closed shell, has a very small reduced width.
As the neutron number decreases, moving away from the closed shell, the reduced width follows a generally increasing trend. ..
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